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Simultaneous spatio-temporal confinement of energetic electron pulses to femtosecond and
nanometer scales is a topic of great interest in the scientific community, given the potential im-
pact of such development on a wide spectrum of scientific and industrial applications. For example,
in ultrafast electron scattering, nanoscale probes would enable accurate maps of structural dynamics
in materials with nanoscale heterogeneity, thereby understanding the role of boundaries and defects
on macroscopic properties. On the other hand, advances in this field are mostly limited by the
electron source brightness and size. We present the design, fabrication, and optical characterization
of bullseye plasmonic lenses for next-generation ultrafast electron sources. Using electromagnetic
simulations, we examine how the interplay between light-plasmon coupling, plasmon propagation,
dispersion, and resonance governs the properties of the photoemitted electron pulse. We also illus-
trate how the pulse duration and strength can be tuned by geometric design, and predict sub-10 fs
pulses with nanoscale diameter can be achieved. We then fabricated lenses in gold films and char-
acterized their plasmonic properties with cathodoluminescence spectromicroscopy, demonstrating
suitable plasmonic behavior for ultrafast, nanoscale photoemission.
I. INTRODUCTION
Ultrafast electron sources have been extensively used
as tools for scientific discovery over the past two decades.
Such sources can now reliably produce electron pulses
with femtosecond duration, which can be used as probes
for dynamic microscopy and scattering measurements. In
physical and chemical sciences, electron probes are fre-
quently used to study dynamic processes, as they provide
atomic-scale structural information complementary to
the electronic dynamics obtained by spectroscopic tech-
niques. Ultrafast electron-based measurements have pro-
vided insight into mechanisms of structural phase transi-
tions and charge density wave formation in condensed
matter [1–3] as well as chemical reactions and photo-
chemistry in gases and molecular solids [4, 5].
Even so, ultrafast electron experimentation is still lim-
ited by the source brightness, defined as the number den-
sity of electrons in transverse phase space (i.e. per unit
solid angle and unit area, also called 4D emittance) [6],
∗ dfilippetto@lbl.gov;
and setting a limit to beam relative coherence and focus-
ability [7]. Spatio-temporal mapping with both nanoscale
spatial and femtosecond temporal resolution is rarely
utilized [8–10], and typically requires a combination of
high contrast signals, several hour acquisition times, and
limited sampling. Electron-based mapping of dynamics
with increased throughput and detail may provide key
insights into how microstructure and defects locally in-
fluence phase transformation, charge density wave for-
mation, carrier generation and recombination, phonon
and plasmon propagation, and much more. Understand-
ing and controlling these effects will be instrumental to
developing technologies that rely on ultrafast structural
and carrier dynamics in heterogeneous materials, such as
phase-transition switches [11] and photovoltaics [12].
To increase electron flux and improve the temporal res-
olution, researchers have developed custom sources capa-
ble of sustaining large electric field amplitudes at extrac-
tion and during acceleration, more than one order of mag-
nitude above values obtained in typical electron micro-
scopes. In direct-current electron guns (DC guns), fields
on the order of 10 MV m−1 have been obtained, while
radiofrequency-based electron guns (RF guns) can pro-
vide accelerating fields at emission in excess of 100 MV
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2m−1. RF guns have been demonstrated to increase the
extracted peak current by orders of magnitude, from the
µA-range typical of electron microscopes to several A,
and successfully generate relativistic electron pulses with
sub-10 fs duration [13, 14].
While high accelerating electric fields are beneficial for
increasing the peak current, they complicate the use of
tip-like sources. Under such high fields, tip emitters have
limited lifetime and tend to emit dark electrons via field
emission [15], which are not synchronous with the laser
pulse and add background to the experiment. Such lim-
itation bears negative consequences on the beam bright-
ness [16] and, in turn, on the capability of utilizing such
ultrashort beams as local probes of matter with nanoscale
resolution, or as high quality beams for external injection
into advanced accelerators.
Instead of tip emitters, flat photocathodes are typi-
cally used in RF guns. An ultrafast laser is focused to
a spot on the cathode, producing photoemission. The
emission area is typically in the range of tens of µm or
larger, ultimately limited by the laser wavelength and the
numerical aperture of the final focusing system. Single
or multiphoton photoemission can be utilized, where the
n-photon photocurrent density, Jn, scales as a power of
the local electric field intensity I: Jn ∝ In, where n is
the number of photons absorbed by each emitted elec-
tron [17]. At sufficiently high laser intensities, multipho-
ton photoemission can exhibit higher yield than for single
photon processes [18].
One of the limitations of such a source is the probe
size achievable in ultrafast electron diffraction applica-
tions. The beam normalized emittance n,u (u = x, y) is
defined as n,u =
σuσpu
m0c
= βγσuσu′ , with γ and β being
respectively the relativistic Lorentz factor and the ratio
between the speed of the electrons and the velocity of
light c, m0 the electron mass at rest, variables u, u’ and
pu refer to transverse position, angle and transverse mo-
mentum coordinates respectively, and σu σu′ and σpu are
the RMS widths of the relative distributions. Assuming
that the beam normalized emittance remains constant
during the transport from the cathode to the sample
plane (n,u,cath = n,u,sample), and imposing the condi-
tion that the beam angle spread at the sample must be
smaller than the angular distance between two adjacent
Bragg peaks, i.e. σu′,sample < ∆θB =
λc∆q
2piγβ , where λc
and ∆q are respectively the Compton wavelength and
the resolution in reciprocal space, we can derive a simple
relation between the minimum possible beam size at the
sample and the source size:
σu,sample
σu,cathode
>
2pi
λc∆q
σpu,cathode
m0c
(1)
Typical values of σpu,cathode/m0c for photoemission
from metal and semiconductor cathodes are in the range
of 0.5 × 10−3 [19]. For a reciprocal space resolution of
0.1 A˚−1, Eq. 1 leads to σu,sample > 1.3 σu,cathode. For
tens of µm emission areas, sub-micrometer spot sizes at
the sample are beyond reach. Smaller emittance values
can be achieved at the expense of electron flux, through
collimation along the beamline [20], or by increasing the
beam brightness by decreasing the source size [16].
One way to concentrate the emission in a way that is
compatible with large accelerating fields is to manipulate
the free electron density at the surface of a metal using
optical fields. With a careful design, the optical field in-
tensity can be concentrated and enhanced in specific ar-
eas of the surface. In recent decades, there has been sig-
nificant research focus on plasmonics as a means to ma-
nipulate light at sub-wavelength dimensions [21, 22]. For
instance, high-aspect-ratio cavities can trap and confine
light in surface plasmon resonance (SPR), significantly
enhancing the local electric field in sub-wavelength struc-
tures [23, 24]. Light can also be coupled into traveling
surface plasmon polaritons (SPPs), which can be used to
transport and focus electromagnetic energy at interfaces.
Recently, photoemission assisted by surface plasmons
has been demonstrated [25, 26]. When nanogrooves are
carefully designed in width and height to resonate with
the optical field of a laser and patterned into a gold-
coated subtrates, the in-groove resonance greatly en-
hances the field in the cavities and can increase the pho-
tocurrent yield by 6 orders of magnitude with respect to
bare gold at the same wavelength [25]. Nanohole arrays
can also be used to enhance the laser absorption and the
photoemission. The work in ref. [26] shows an example
where SPPs in Cu are coupled in the structure via grat-
ing resonance and the photocurrent yield is increased by
a factor of 120. The key geometrical parameters of the
structure are the relative distance between holes more
than their width and depth, as the single hole is not
a cavity per se. The main limitation of such first at-
tempts was the limited quality of the photoemitted beam
measured. [26]. Indeed the maximum enhancement is
obtained at the edges of the nanopatterned surface, in-
ducing emittance growth similar to the effect of surface
roughness [27]. Furthermore, the temporal response of
such ”meta-cathodes” was not studied in detail, and may
be limited by the cavity resonance damping time.
Grating coupling can also be used to generate and
direct SPPs to judiciously chosen areas of the surface,
rather than inside the nanogrooves. For instance, bulls-
eye plasmonic lenses are designed to couple light into
SPPs through concentric circular gratings and form a
2D standing wave with maximal electric field at the cen-
ter [28–30], where there is not texture present. The re-
sult is a large enhancement of the electric field on a flat
surface, which could potentially be used as a nanoscale
photoelectron source.
In this work, we propose and investigate the potential
of bullseye plasmonic lenses for ultrafast, nanoscale pho-
toemitters. Such structures show ultrafast response and
high field enhancement on flat surfaces, potentially pro-
viding aberration-free electron emission and enabling the
use of nano-scale photo-triggered emitters in high-field
environments. We first show FDTD simulations support-
3ing focusing and emission properties of the bullseye geom-
etry. We then provide results from an array of impulse-
response simulations to elucidate the link between struc-
ture geometry, spectral plasmonic properties, and ultra-
fast temporal response; clarifying design principles for
ultrafast photoemission applications. Next, we fabricate
actual bullseye lenses in gold films and characterize the
plasmonic behavior using cathodoluminescence spectro-
microscopy. We show that spatial and spectral plasmonic
characteristics are like predicted in simulation, support-
ing that ultrafast temporal response can be achieved. We
also explore the robustness of the plasmonic response to
fabrication imperfections by comparing bullseyes made
using electron beam lithography to those made using fo-
cused ion beam. By outlining design principles, demon-
strating fabrication and characterization methods, and
ultimately producing structures with the required plas-
monic properties, we aim to provide evidence for their po-
tential as high brightness electron sources and to propose
a new research direction in the field of ultrafast plasmon-
enhanced electron nano-emission.
II. PLASMONIC LENS DESIGN AND
ELECTROMAGNETIC SIMULATIONS
A. Lens principle and parameters
The system under study is a nanopatterned photocath-
ode excited by ultrafast laser pulses with an 800 nm cen-
ter wavelength. The pattern consists of equally-spaced,
concentric annular grooves forming a bullseye plasmonic
lens. The geometry is defined by the five parameters il-
lustrated in Figure 1a: The number of rings N , grating
period p, groove width w, groove depth d, and center
plateau radius ri. A radially polarized laser at normal
incidence is used so that the electric field direction is al-
ways perpendicular to the grooves and the launched SPPs
are in phase. This maximizes the coupling efficiency and
provides constructive interference at the structure center,
giving maximum field enhancement.
We use Au as the plasmonic material, enabling 4-
photon photoemission at 800 nm wavelength. Au is oxi-
dation resistant and provides effective photoemission sur-
faces; in fact, 4-photon photoemission from Au cath-
odes patterned with linear gratings has been demon-
strated [25]. Au also provides a long SPP propaga-
tion length in the red and near-infrared range: based
on the reported refractive index of thermally evaporated,
template-stripped Au films [31, 32] it can be greater than
60 µm (though in rough polycrystalline samples it can
be reduced depending on grain size and surface rough-
ness [33, 34]).
-4 -3 -2 -1 0 1 2 3 4
Distance from center (μm)
0
10
20
Fi
el
d 
en
ha
nc
em
en
t
Topography
|Er|
-4 -3 -2 -1 0 1 2 3 4
Distance from center (μm)
0
1
2
3
4
J 4
  e
nh
an
ce
m
en
t
1010
(b)
(c)
p ri w
d
e-
800 nm
laser 
380 nm
FWHM
140 nm
FWHM
(a)
|Ez|
|E|
FIG. 1. Simulated electric field and photoemission profiles
during excitation of a Au plasmonic bullseye lens with a ra-
dially polarized, 800-nm, continuous-wave laser. a Schematic
of the bullseye geometry. The parameters shown include the
grating period p, groove width w, groove depth d, and center
plateau radius ri. For the simulation results in following sub-
panels, p = 783 nm, d = 90 nm, w = 270 nm, and ri = 783 nm.
The number of rings N = 4. b Total (|E|) electric field en-
hancement shown with its normal (|Ez|) and tangential (|Er|)
components at the bullseye surface. The field enhancement is
defined relative to the peak field in the incident beam. The
bullseye topography is superimposed on the plot for reference:
grooves are 90 nm deep. c Calculated 4-photon photocurrent
density enhancement (J4) profile at the bullseye surface using
the generalized Fowler-Dubridge equation [17]. FWHM is full
width at half maximum.
B. Nanoscale field enhancement and photoemission
To study the potential of the bullseye lens geometry
for nanoscale field enhancement and photoemission, we
first simulate the electromagnetic field profiles for a 4-
ring lens optimized under continuous-wave illumination.
The laser is focused at the sample plane using a numerical
aperture (NA) of 0.07, giving a donut-shaped in-plane in-
tensity with peak-to-peak diameter of 4.5 µm. We choose
p to be 783 nm, which is the corresponding SPP wave-
length in Au. This aims to satisfy momentum conserva-
tion between the normal incidence photons and the SPPs
as given by the grating equation [35]:
kspp = kphoton,xy ± ng (2)
4Here, kspp and kphoton are the in-plane wave vectors of
the SPP and incident photon, respectively, while g is
the grating vector and n is an integer. We set ri to
be 783 nm to coincide with antinodes of the 2D stand-
ing wave formed by the interfering SPPs. This causes
reflections from the edge to resonate, further increasing
field enhancement. With these parameters fixed, we then
performed a series of FDTD simulations to optimize the
depth and width of the rings for maximum field enhance-
ment at the center. The optimum is found for d = 90 nm
and w = 270 nm.
The electric field magnitude profiles for the optimized
structure are shown in Figure 1b. The field enhancement
relative to the peak field of the incident laser is maxi-
mized at the center (21.0). Also, the lateral electric field
Er is zero at the center and remains small relative to the
normal field Ez within the 4-photon photoemission peak
shown in Figure 1c.
The anticipated 4-photon photocurrent density J4 ∝
|E|8; the photocurrent density enhancement is shown in
Figure 1b. Remarkably, the J4 enhancement at the cen-
ter is 3.8× 1010. Also, using multiphoton photoemission
practically eliminates contributions from the side lobes
and edges of the structure, creating a single, tightly fo-
cused emission spot with full width at half maximum
(FWHM) of 140 nm in the flat center plateau.
C. Ultrafast temporal response
For ultrafast applications, it is crucial to determine the
temporal response of the emitter and how it depends on
the lens geometry. Here, we show detailed results from
impulse-response FDTD simulations and draw conclu-
sions about design principles for ultrafast bullseye pho-
toemitters. The simulated pulses are radially polarized
with a center wavelength of 800 nm and focused with NA
of 0.07 as before. However, these are now pulses with a
3 fs FWHM temporal intensity profile.
Since time and frequency are conjugate variables, we
can simultaneously examine the temporal and spectral
response of these structures in these simulations. In the
linear intensity regime, the total laser-lens system can be
described by a complex transfer function, T, given by:
Ecenter(ω) = T (ω)Eincident(ω) (3)
Where E is the complex electric field amplitude. The
transfer function is calculated by dividing the Fourier
transform of the time-resolved electric field at the bulls-
eye center by that of the incident pulse. Using a 3-fs pulse
yields the transfer function over a wide spectral range
(about 500 to 1900 nm), beyond which the response is
obscured by numerical noise. The frequency-dependent
field enhancement is then given by |T (ω)|. Once the
transfer function is obtained, the electric field response
for any longer input pulse can be computed using equa-
tion 3.
We first study the temporal response of the bullseye
lens optimized above (see Figure 1). The simulated in-
put and output electric field over time for the 3-fs impulse
response are shown in Figure 2a, and the computed trans-
fer function is shown in Figure 2b as function of incident
photon wavelength.
One key characteristic of the structure is its finite spec-
tral bandwidth. This imposes a lower bound on the plas-
monic field duration, seen to extend more than 10 fs.
This is because plasmons are simultaneously generated
from all rings, and those from the furthest rings arrive at
the center later than those from the closest rings. The
bandwidth also limits the maximum field enhancement
achieved when using ultrashort pulses, which are com-
posed of a wide band of optical frequencies.
In addition, there are peaks in the transfer function.
The two strongest peaks with center wavelengths near
800 nm and 960 nm lead to a modulation in the temporal
response much like acoustic beating. The beat frequency
is the difference of the two frequencies: 5.9 × 1013 Hz.
This corresponds to a beat period of about 17 fs, which
is observed in the temporal response. We attribute these
peaks to surface plasmon resonance in the center plateau.
The presence of two peaks rather than one may be due to
a plasmonic bandgap opened by deep grooves [23]. Such
a resonance splitting has also been observed in transmis-
sion bullseyes [28] and was attributed to this effect.
From the transfer function, we compute the envelope of
the field enhancement temporal profile at the lens center
for a range of input pulse durations, as shown in Fig-
ure 2c. For longer input pulses, the response envelope
is a Gaussian nearly identical to the input. For tens of
fs input pulses and shorter, the shape becomes longer
and more asymmetric. In addition, the peak field en-
hancement is reduced from the CW value. This is shown
in Figure 2d along with the decrease in J4 as a func-
tion of incident pulse length. This illustrates a tradeoff
between duration and charge of the generated photoelec-
tron pulse.
The duration of the intensity at the lens center, Icenter,
and of J4 are shown for varying input pulse duration
in Figure 2e. Although the temporal profiles are asym-
metric for few-fs pulses (see Figure 2c), we consider the
temporal FWHM which is set by the initial lobe in the
temporal response. For multiphoton photoemission ap-
plications, the subsequent low-intensity lobes are not rel-
evant since J4(t) ∝ I4(t). In fact, the J4 temporal pro-
files are approximately a single Gaussian. A Gaussian
raised to the 4th power has half the FWHM, so the J4
pulse FWHM should be half of the Icenter FWHM. In-
deed, we find that the FWHM of J4 coincides with half
that of Icenter for all incident pulse durations, shown in
Figure 2e by plotting J4 at half scale. We approximate
the J4 pulse duration going forward as a Gaussian pulse
with half the FWHM of Icenter.
The response duration is mostly linear with the input
pulse duration. The response is at least 3.5 fs longer than
the input due to the difference in arrival time between
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FIG. 2. Simulated ultrafast temporal response of the Au plasmonic bullseye lens studied in Figure 1. The number of rings
N = 4, grating period p = 783 nm, groove width w = 270 nm, groove depth d = 90 nm, and center plateau radius ri = 783
nm. a Impulse response computed using an incident radially-polarized laser pulse with a temporal full width at half maximum
(FWHM) of 3 fs. Er,inc is the maximum lateral electric field of the incident pulse, and Ez,center is the normal electric field at
the bullseye center. The electric field is normalized to the maximum Er,inc. b Transfer function obtained by Fourier transform
of the impulse response. Enhancement, ie. the magnitude of the transfer function, is shown along with the magnitudes of the
Fourier transforms of Er,inc and Ez,center. Enhancement is obtained by dividing the Fourier transform of Ez,center by that of
Er,inc. c Field enhancement temporal envelopes for varying incident pulse durations. Iinc FWHM is the temporal full width at
half maximum of the incident pulse intensity. d Peak field enhancement and photocurrent density (J4) at the bullseye center as
a function of incident pulse duration. Peak J4 is plotted relative to the J4 under continuous wave (CW) illumination. The top
of both y axes correspond to the value under CW illumination. e The temporal FWHM of the field intensity at the bullseye
center (Icenter) and J4 as function of incident pulse duration.
plasmon wavelets generated at the inner and outer edges
of the lens. There are slight deviations in the response
duration at few-fs pulse lengths due to the asymmetric
response profile. Still, this lens is predicted to be capable
of producing sub-10 fs photoelectron pulses.
D. Tuning the response by geometric design
The transfer function, and consequently the ultrafast
temporal response, can be tuned by modifying the lens
geometry. Here, we present a series of computed transfer
functions while varying geometric parameters and deter-
mine design rules for ultrafast applications.
We first vary the number of rings, N . The simulated
transfer functions are shown in Figure 3a. For N = 1,
the bandwidth extends over the entire wavelength range
studied. As N increases, the field enhancement increases
at the expense of bandwidth. This is because each added
ring allows more incident beam energy to be coupled into
the lens, but also increases destructive interference of
SPPs that do not match the grating periodicity. Fig-
ure 3b shows how these effects impact the peak field en-
hancement for varying input pulse durations. While the
lenses with more rings can achieve higher field enhance-
ment for longer pulses, their limited bandwidth causes
the field enhancement to decrease for shorter pulses, ul-
timately providing similar peak enhancement to struc-
tures with fewer rings for few-fs pulses. Increasing N
also increases the plasmonic response duration, as shown
in Figure 3c. This is because plasmon wavelets from the
added rings take longer to reach the center.
We then vary the depth of the grooves, d. The sim-
ulated transfer functions are shown in Figure 4a. For d
= 5 nm, the grooves do not significantly reflect or slow
plasmon propagation and the resulting behavior can be
explained using perturbation theory [35]. In this case,
the field enhancement is maximized for 800 nm incident
wavelength and smoothly decreases with increasing or de-
creasing wavelength. Local maxima at other wavelengths
occur that match other periodicities present in the finite
grating structure. As d increases, one effect is the in-
crease, saturation, and eventual decrease of the peak field
enhancement. Deeper grooves more strongly couple in-
cident photons to SPPs, but beyond a certain depth the
fields are too far from the surface to couple effectively.
Meanwhile, the reflectivity of the grooves increases, in-
hibiting SPP propagation to the center. The second ef-
fect is the emergence of resonance peaks with increasing
strength due to significant reflection of the plasmons at
the ring edges. A third effect is the splitting of the reso-
nance peak with increasing depth, attributed to opening
of a plasmonic bandgap.
Figure 4b shows how d affects the peak field enhance-
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FIG. 3. Simulated ultrafast temporal response of bullseye
lenses with varying number of rings, N . The grating period p
= 783 nm, groove width w = 270 nm, groove depth d = 90 nm,
and center plateau radius ri = 783 nm. a Transfer function
computed for lenses with N ranging from 1 to 9. b Maximum
field enhancement at the lens center for incident pulses with
varying temporal full width at half maximum (FWHM). c
Temporal FWHM of the electric field intensity at the lens cen-
ter (Icenter) for incident pulses with varying temporal FWHM.
The temporal FWHM of the 4-photon photocurrent density
J4 is half of the Icenter FWHM.
ment. Again, there is a tradeoff between CW field en-
hancement and bandwidth. This leads to the structures
with d of 70 nm and larger having similar peak field en-
hancement for short pulses, though still much stronger
than d of 10 or 30 nm. There is also a noticeable ef-
fect of d on the temporal response duration as shown in
Figure 4c. With increasing d, the response duration be-
comes longer until reaching a maximum near d = 70 nm.
It then becomes shorter again if d is increased further.
The response duration is sensitive to d mainly because
it changes the strength of the resonance contribution.
Resonance maintains the plasmonic field longer, so the
temporal response is longest when the resonance peak is
maximized near d = 70 nm. The response is about 4 fs
longer for d = 70 nm than d = 10 nm over most input
pulse durations. However, for input pulses below 10 fs,
the relationship is more complicated as the response tem-
poral profiles become more asymmetric. Ultimately for
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FIG. 4. Simulated ultrafast temporal response of bullseye
lenses with varying groove depth, d. The number of rings N
= 4, grating period p = 783 nm, groove width w = 270 nm,
and center plateau radius ri = 783 nm. a Transfer function
computed for lenses with varying d. b Maximum field en-
hancement at the lens center for incident pulses with varying
temporal full width at half maximum (FWHM). c Temporal
FWHM of the electric field intensity at the lens center (Icenter)
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few-fs pulses, d has little effect on the response duration.
Next, we vary the ring width, w, computing the trans-
fer functions shown in Figure 5a. Maximal field enhance-
ment is achieved for w = 360 nm, close to half the pe-
riod. Adjusting the width also shifts the resonance peak.
Wider groove obstacles may more strongly obstruct plas-
mon propagation, affecting the plasmon dispersion rela-
tion. This shift in resonance peak can be compensated
by adjusting the bullseye grating period, p. The transfer
function and temporal response of a 4-ring lens optimized
by allowing variable p is shown with the one obtained
by fixing p = 783 nm in Figure 5b. The peak field en-
hancement and the symmetry of the transfer function
are improved by using w = 360 nm and compensating
for the resonance peak shift by setting p = 760 nm. This
provides a factor of 4 increase in the estimated 4-photon
photoemission yield. This comes without cost in response
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lenses with varying groove width, w. The number of rings
N = 4, groove depth d = 90 nm, and center plateau radius
ri = 783 nm. a Transfer function computed for lenses with
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near 800 nm (p = 760 nm, w = 360 nm). c Response duration
for the two lenses in b. This is plotted as temporal FWHM
of the electric field intensity at the lens center (Icenter) for
incident pulses with varying temporal FWHM. The temporal
FWHM of the 4-photon photocurrent density J4 is half of the
Icenter FWHM.
duration, as shown in Figure 5c. In fact, the adjustments
in w and p improve the response duration for 10-20 fs
laser pulses, perhaps due to the symmetry of the result-
ing transfer function.
These results lead to a few design rules for ultrafast
applications. The depth and width of the grooves should
usually be optimized for maximum field enhancement.
The depth can be chosen to reduce the response time
by a couple fs, but only at significant cost in photocur-
rent yield. The period can then be adjusted to center
the resonance peak at the desired wavelength. Finally,
the structure should have as many rings as possible to
maximize photocurrent while maintaining enough band-
width to achieve the required pulse duration. The op-
timal geometry ultimately depends on the photocurrent
and pulse duration required.
III. FABRICATION
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FIG. 6. Bullseye lenses fabricated by two methods. Pro-
cess steps shown for a focused ion beam (FIB) milling and b
e-beam lithography (EBL) with template stripping. In-lens
SEM images shown of the bullseye lenses made using c FIB
and d EBL. AFM surface topography maps shown of lenses
made using e FIB and f EBL. Maps are displayed to-scale in
3D at a 40-degree tilt.
We fabricated bullseye lenses using two processes illus-
trated in Figure 6. One process involved thermally evap-
orating 5 nm of titanium as an adhesion layer and 150
nm of gold onto a Si wafer, then carving out the rings us-
ing focused ion beam (FIB) milling. A Zeiss Crossbeam
1540 EsB was used for the FIB. The other process used
electron beam lithography followed by template stripping
to produce high-precision, smooth cathode surfaces [36].
A negative e-beam resist hydrogen silsesquioxane (HSQ)
2% was spinned at 1000 rpm onto a Si wafer. The re-
sist was then exposed using a Vistec VB300 Electron
Beam Lithography System and developed, leaving the
designed pattern in the form of amorphous silica on the
8wafer. Then, 150 nm of gold was deposited onto the
template, entirely covering it. Finally, the patterned gold
was peeled off using an electrically and thermally conduc-
tive, ultra-high vacuum compatible epoxy resin. AFM
measurements confirm that similar groove depth can be
made in both structures, but the EBL and template strip-
ping process yields smoother surfaces and grooves. In
fact, structures made by EBL have nearly atomically flat
central areas, which minimizes degradation of the emit-
ted electron beam from surface roughness and imperfec-
tions [27] (see Table I). In these lenses, the gratings are
50 nm deep with parameters otherwise matching the first
case (783 nm period, 270 nm width, 4 rings): its simu-
lated transfer function is shown in Figure 4.
TABLE I. Topographic comparison between EBL and FIB
bullseye lenses via AFM
FIB EBL
Groove depth (nm) 51 54
Center RMS roughness (nm) 1.4 0.4
Groove RMS roughness (nm) 3.2 0.6
IV. CATHODOLUMINESCENCE
SPECTROMICROSCOPY
A. Examining plasmonic properties
In section II, we studied the impact of lens geometry
and plasmonic characteristics on the ultrafast temporal
response. Here, we present cathodoluminescence (CL)
spectromicroscopy measurements of plasmonic charac-
teristics of fabricated lenses. In CL, an electron beam
is focused on the sample and, by one or more mecha-
nisms, light is emitted from the material [37]. For plas-
monic structures, the relevant mechanism is the broad-
band generation of SPPs by the fast-moving electrons as
they strike the material surface. The SPPs propagate ra-
dially outward from a nanometric spot, which can then
couple out to light through the bullseye grating [38, 39].
When the electron beam is at the bullseye center, circu-
larly symmetric SPPs are excited like those that would
be generated by a radially polarized laser.
We use CL to measure a few key plasmonic properties
of these structures. For one, the plasmonic resonance in
the central region can be mapped using CL spectromi-
croscopy. CL intensity has been linked to the radiative
local density of optical states (LDOS) at the electron
beam position, ie. the number of optical modes avail-
able at the excitation position that produce light [38, 40].
The LDOS is enhanced by plasmonic resonance, so CL
can be used to spatially and spectrally resolve resonance
modes [41, 42]. Spatial homogeneity, circular symmetry,
and a strong, sharp central peak are desirable for photoe-
mission. The center wavelength and bandwidth of this
resonance can be extracted from the CL spectrum ob-
tained at the structure center. Also, the radial extent
and circular symmetry of plasmon propagation and grat-
ing coupling can be inferred by angle-resolved imaging of
the CL far field, which is essentially a Fourier transform
of the real-space emission profile of the structure. These
are important to characterize since significant propaga-
tion losses or asymmetries in coupling would reduce the
field enhancement under laser illumination.
We use a modified Zeiss Gemini SUPRA 55 SEM for
our CL measurements. The sample is positioned at the
focal point of a horizontal Al parabolic mirror with 1
mm focal length. A 10 keV electron beam is focused
onto the sample, and the emitted light is collected by
the parabolic mirror over a wide angle range (0-80 de-
grees from normal) and over the entire visible spectrum
and beyond. The sample was tilted by about 25 degrees
so that the highly directed, normal emission would not
escape through the entry hole in the mirror for the elec-
tron beam. We do not expect this to change the plas-
monic response; the electron beam is much smaller than
the plasmon wavelength, so there is no significant arrival
time delay and consequent phase shift across the beam
diameter like for a large tilted laser beam. Also, the elec-
tron beam only generates SPPs at the surface, and the
interaction area is only made 10% larger along the tilt
direction.
B. CL spectromicroscopy of plasmonic resonance
We use scanning CL spectromicroscopy to probe the
spectral and spatial characteristics of the surface plasmon
resonance in our fabricated lenses. The electron beam is
rastered step by step over the central plateau of the struc-
ture, and a full CL emission spectrum is collected at each
beam position. Spectra are obtained by focusing the re-
flected light from the mirror onto a multi-mode optical
fiber with a 200 µm diameter and then dispersing it using
a spectrometer consisting of an Acton 2300i monochro-
mator (150 line/mm, 500-nm blazed grating) and An-
dor Newton electron-multiplied CCD. The dark current
background is subtracted and spectra are normalized by
the instrument response over the measured wavelength
range. The open-source ScopeFoundry software module
developed to control this experiment is available online
for further reference [43, 44].
From this four-dimensional dataset, we can extract av-
erage emission spectra from regions of interest. Aver-
age spectra over the region within 75 nm of the bullseye
center are shown in Figure 7a. Spectra shown here are
smoothed using a 2nd order Savitsky-Golay filter with
15 nm window. The CL emission spans the entire de-
tection spectral range. This is because a SPP of any
wavelength from the broadband range generated by the
electron beam can satisfy the grating equation and couple
to light at a wavelength-dependent emission angle, and
nearly all emission angles are collected by the parabolic
mirror. However, there is a notable emission peak near
800 nm where a surface plasmon resonance is expected.
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FIG. 7. Cathodoluminescence (CL) spectromicroscopy of plasmonic resonance. a Schematic of the CL spectromicroscopy
technique. The electron-induced multicolor luminescence from a tilted lens is collected by a parabolic mirror and focused by a
lens into a spectrometer. The electron beam is scanned and a full CL spectrum is collected at each beam position. b Average of
CL spectra collected within 75 nm of the structure center, shown for one lens made by focused ion beam (FIB) milling and one
by e-beam lithography (EBL). c Scanning electron microscopy (SEM) image and d-f CL spatial maps of the lens made by FIB.
g SEM image and h-j CL spatial maps of the lens made by EBL. CL spatial maps are obtained from the spectromicroscopy
dataset by integrating over Gaussian wavelength bands with 2σ = 10 nm. Each map is labeled with their corresponding center
wavelength, λ.
We can also examine the spatial profile of the plas-
monic resonance. We apply virtual Gaussian bandpass
filters with 2σ = 10 nm to the entire dataset, yielding
maps of CL emission over narrow spectral bands as a
function of beam position (see Figure 7b-c). For maps
of emission near the resonance wavelength, a zero-order
Bessel-function spatial profile is observed correspond-
ing to a cylindrical plasmonic resonance of the central
plateau. For the maps at wavelengths just outside of the
resonance peak, such a spatial profile is not observed,
confirming that it is a resonance effect. For the struc-
ture made by EBL, the CL intensity is higher when the
structure is excited at the central peak antinode than
at the nearby annular antinode. For the structure made
by FIB, however, the CL intensity is similar when excit-
ing at either antinode. This suggests that the construc-
tive interference of SPP modes from different directions
is improved in the EBL structures, leading to a stronger
central peak.
Other features in the maps are also present off res-
onance. For instance, bright spots are present in the
map of the FIB-milled structure (Figure 7d-f) which cor-
respond to bright signals in the secondary electron im-
age (Figure 7c). The groove edges are brighter in both
structures regardless of wavelength. These correspond to
topographic features with locally high surface area and
roughness, which can enhance the radiative LDOS by
scattering more SPP modes out to light. The near-atomic
smoothness of the central region in the EBL structures
eliminates the scattering sites observed in the FIB struc-
ture. This will reduce damping of the resonance and
thereby improve the field enhancement under laser illu-
mination and consequently the amount of emitted elec-
trons.
We note that CL maps and the radiative LDOS are
not equivalent to the field enhancement profile expected
under radially polarized illumination. For more detailed
discussion of the CL dependence on electron beam posi-
tion, see the appendix.
To quantify and compare the resonance characteristics
of structures made by FIB and EBL, we fit the resonance
peaks in spectra collected at the lens center to determine
the resonance wavelength and FWHM. Average spectra
from scan positions within 75 nm of the bullseye center
are extracted from spectromicroscopy scans. The spec-
tra are then re-binned into 2-nm wavelength bins and
converted from wavelength to energy scale. The reso-
nance peak is fit using a Lorentzian plus a parabolic
background. Four structures made by each fabrication
method were measured and analyzed. The converted
spectra and peak fitting are shown in Figure 8. The av-
erage resonance wavelength is 798.4 ± 8.8 nm standard
deviation for the FIB-milled structures and 779.6 ± 2.4
nm for the EBL structures. Both are near the 794 nm
resonance wavelength predicted by FDTD for structures
with the fabricated dimensions. The average measured
frequency-to-FWHM ratio, or Q factor, is 17.8 ± 2.0 for
the FIB-milled structures and 23.9 ± 1.9 for the EBL
structures. The more precise resonance wavelength and
higher Q factor (lower damping) of the EBL structures
can be attributed to the reproducibility of the structure
dimensions and their smoothness.
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FIG. 8. Comparing plasmonic resonance characteristics of
bullseye lenses made by e-beam lithography (EBL) and fo-
cused ion beam (FIB) milling using cathodoluminescence
(CL) spectroscopy. Resonance peaks are shown for four lenses
made using a EBL and b FIB. Spectra are fit with a parabolic
background plus a Lorentzian over a 0.2 eV range centered
at the peak. Points indicate data over the fitting window
after the background is subtracted, while lines indicate the
Lorentzian peak shape fit to the data.
C. Angle-resolved CL and photon-plasmon
coupling
We study the angle-resolved CL emission to infer the
radial extent of effective plasmon propagation and grat-
ing coupling in the fabricated lenses. We both simulate
and measure the CL far field for 4-ring and 12-ring bulls-
eye lenses. The far field is measured by positioning the
electron beam at the structure center and imaging the
parabolic mirror [45, 46]. Because the emitting structure
(several µm) is small compared to the distance from the
mirror (1 mm), the position where an emitted photon
reflects from the mirror is determined by the emission
angle. The parabolic mirror brings the emission to infin-
ity focus, which is filtered by a bandpass filter centered at
800 nm with 40 nm bandwidth and then magnified and
imaged onto a ThorLabs DCC3260M CMOS camera. For
each measurement, 30 one-second exposures of the CCD
are acquired and averaged. A background image with
the beam blanked is acquired under the same conditions
and is subtracted from the beam-on image. Then, each
pixel in the image is mapped to an emission angle, and
the signal is normalized by the solid angle collected by
that pixel to give an intensity map. The measured far
field is then corrected for tilt and rotation of the sample
relative to the mirror.
Using FDTD, the CL process can be numerically mod-
eled [47]. An impinging 10 keV electron at the center
of the bullseye is modeled using a series of dipoles nor-
mal to the surface. The dipoles are delayed in phase to
create a propagating, localized source of electric field.
This generates a time- and z-dependent current den-
sity close to that of a moving electron [48]: ~J(t, z) =
−evzˆδ(z − vt)δ(x − x0)δ(y − y0). Here, e is the funda-
mental charge, v is the speed of the impinging electron,
zˆ is the unit vector in the z direction, and x0 and y0
give the lateral position of the impinging electron. The
resulting field decays laterally, and vanishes within a few
nm in the metal; therefore, no field can directly couple
to the grooves, and all observed emission is due to gen-
eration, propagation, and outcoupling of SPPs. To avoid
abrupt appearance and disappearance of the dipole field,
which would create stray fields, a raised-cosine filter is
used to gradually increase and decrease the amplitude
oscillations of the starting and ending dipoles in time.
The simulation box was gradually increased in order to
collect larger angles and mesh dimension was decreased
to achieve convergence.
Simulated and measured far-field CL of 4-ring lenses
are shown in Figure 9a-c. A donut beam is observed in
all cases, supporting that the emission is radially polar-
ized. Other work performing CL polarimetry on bullseyes
has resolved the angle-dependent polarization state and
verified that the emission is radially polarized [49]. Both
the angle of maximum emission and the overall angu-
lar distribution measured for lenses made by EBL and
FIB closely match that predicted using FDTD (see Fig-
ure 9d). This indicates that the radial distribution of CL
emission from plasmon-photon coupling is robust to fab-
rication imperfections, including the surface roughness of
the FIB-milled structure.
We also fabricated and studied a 12-ring bullseye lens
using FIB as shown in Figure 10a. The simulated and
measured far-field for this structure are shown in 10b-
c. Again, a donut beam is produced as expected. The
far field is more asymmetric than for the 4-ring struc-
tures, which may be due to challenges in making the
outer rings accurately concentric with the inner rings us-
ing FIB. Still, the angular breadth of emission is greatly
reduced, indicating that the plasmons can outcouple over
a greater radial extent. As highlighted in Figure 10d, the
peak emission angle is 3 degrees, whereas in the 4-ring
lenses it was 7 degrees. The distribution matches well
between simulation and experiment overall, especially at
less than 5 degrees. This suggests that additional plas-
mon propagation losses due to polycrystallinity are not
a limiting factor even for this 12-ring structure.
These CL far field measurements demonstrate the need
to tilt these lenses to study their plasmonic properties
at the design wavelength. Because the gratings were de-
signed to couple normal incidence light, the emission near
800 nm is highly directed normal to the structure. By
tilting to 25 degrees, this directed emission that would
otherwise be lost is captured by the mirror when the
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FIG. 9. Angle-resolved cathodoluminescence (CL) with e-
beam at the structure center. a Schematic of the Fourier
imaging technique. The parabolic mirror is imaged through a
bandpass (BP) filter centered at 800 nm wavelength with 40
nm bandwidth. Far field plots are then generated by trans-
forming mirror coordinates to angular coordinates. The sam-
ple is tilted at 25 degrees so emission is not lost through the
entry hole for the electron beam. b Finite-difference time-
domain (FDTD) simulated far field. CL far field polar plots
for lenses made using c electron beam lithography (EBL) and
d focused ion beam (FIB). The gray dashed lines trace the
electron beam entry hole and the open face of the parabolic
mirror. e CL distributions per degree from normal obtained
by azimuthal integration of the far field.
electron beam is at the structure center. We were then
able to measure and quantify the resonance peak in the
CL spectrum as well as the far field distribution with
minimal distortion from losses through the mirror.
V. CONCLUSIONS
We have presented a novel design for ultrafast
nanoscale electron emitters, with the potential for more
than two orders of magnitude decrease in source size as
compared to an unpatterned flat cathode. An emission
spot diameter of 140 nm FWHM (60 nm RMS) from a
nearly atomically flat surface can be obtained when us-
ing 4-photon photoemission in Au. The potential of the
bullseye plasmonic lens as electron emitter has been stud-
ied computationally and experimentally. The plasmonic
properties and the structure spectral bandwidth are com-
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FIG. 10. Angle-resolved cathodoluminescence (CL) for a 12-
ring lens milled using focused ion beam (FIB). a Scanning
electron microscopy (SEM) image of the 12-ring lens. Finite-
difference time-domain (FDTD) simulated (b) and experi-
mentally measured (c) CL far field polar maps for the elec-
tron beam positioned at the center. The gray dashed lines
trace the electron beam entry hole and the open face of the
parabolic mirror. d Emission distribution along angle from
normal obtained by azimuthal integration of the far field.
patible with emission of sub-10 fs pulses. From simu-
lations with ultrashort pulses we retrieved the impulse
response, and both the spectral and temporal response
were examined simultaneously. This allows to account
for spectral shifts in features when optimizing the struc-
ture geometry and to monitor the bandwidth to ensure
the required temporal response is achieved.
We then used CL spectromicroscopy to characterize
the plasmonic properties of structures fabricated with
two different techniques. In particular, we were able
to quantify and compare the resonance wavelengths and
bandwidths of these structures, qualitatively examine the
spatial resonance profiles, and verify plasmon propaga-
tion and coupling out to 12 rings. Holistic analysis of
CL as a function of beam position, wavelength, and an-
gle as presented here can be especially useful. For in-
stance, angle-resolved CL can inform whether spectro-
scopic or spatial features are affected by the limited col-
lection of the parabolic mirror. In more complex struc-
tures, angle-resolved CL could also help to separate con-
tributions from different coupling modes or mechanisms.
The electron microscope environment also enables other
12
electron-based measurements simultaneously. Here, we
used topography-sensitive secondary electron imaging to
identify structural defects that may contribute to the
measured plasmonic response. All of these capabilities
in one tool make CL spectromicroscopy a unique and
useful characterization method for nanoscale plasmonic
photoemitters.
A few features make plasmonic lenses appealing as
nanoscale photoemitters for the next generation of
electron-based instrumentation. First, nanostructured
patterns can be reliably used in high-field environ-
ments [26]. As the total beam brightness increases with
both higher applied accelerating fields and smaller source
size [16], the use of such sources in RF environment
promises a leap in beam quality with a potentially enor-
mous impact on scientific applications. Second, photoe-
mission is expected only at the center of the structure,
where the field enhancement is largest. Here, the sur-
face can be fabricated to be atomically flat (as demon-
strated above), suppressing emittance increase from sur-
face roughness and from aberrations due to field curva-
ture, differently from what happens with tips. Further-
more, the spatial and temporal response of such photo-
cathodes it is not dominated by the bulk material charac-
teristics, and it can be tuned for the specific application
by optimizing the geometric pattern parameters. For in-
stance, the number of rings could be tailored to maximize
photocurrent for the particular numerical aperture of the
system at expense of temporal response. The final pho-
toemission area will remain unchanged.
These plasmonic lenses also reduce the laser power
required to access the optical field emission regime, in
which the fields are strong enough to modulate the
work function at the optical frequency. This operating
regime is of great interest because it allows control of
the photocurrent density at attosecond timescales, pro-
viding the potential to generate attosecond electron pulse
trains [50]. In addition, the compatibility of these lenses
with few-cycle pulses could allow control of the photocur-
rent intensity by tuning the carrier envelope phase, as has
been demonstrated for tip emitters [51].
The onset of optical field emission occurs when the
Keldysh parameter, γ, is less than 1. This parameter is
defined as
√
φ
2Up
, where φ is the work function of the
metal and Up is the ponderomotive energy of a free elec-
tron in the oscillating electric field [50]. For 800 nm light
on Au, a plasmonic lens with field enhancement of 25 re-
duces the requirement on laser intensity to achieve γ < 1
by 625 times, from 43700 GW cm−2 to 70 GW cm−2.
Such peak intensity values can be achieved by focusing
50 fs pulses from a Ti:Sapphire laser down to 30 µm spot
size with a pulse energy of about 35 nJ (as opposed to 22
µJ on a flat Au surface). Photoelectron pulses via optical
field emission could thus be generated at MHz repetition
rates with a few W average power.
In terms of applications, the transverse brightness of
such nanocathodes is expected to be more than 1 order of
magnitude better than present state of art flat cathodes.
Their use in RF environments would enable production
of relativistically accelerated electrons with picometer
emittance, which could be focused down to nanometer
sizes and efficiently injected into advanced acceleration
devices [52]. In ultrafast electron imaging, such sources
promise to bridge the gap in spatial resolution between
static and ultrafast relativistic sources, applying electron-
based characterization to nanoscale dynamics. Femtosec-
ond and nanoscale optical techniques are uncovering het-
erogeneous structural dynamics in many nanomaterials
systems. For example, nanoscale heterogeneity in the
phase transformation dynamics of VO2 has been visual-
ized with ultrafast near-field nanoimaging [53]. Metal-
lic nanostructures with complex thermoacoustic dynam-
ics have been imaged in space and time with ultra-
fast extreme ultraviolet coherent diffractive imaging [54].
Bringing electron-based techniques to similar spatial and
temporal scales will enable correlative measurements us-
ing various contrast mechanisms to more completely un-
derstand the dynamics of complex nanoscale systems.
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Appendix: CL dependence on electron beam
position
As discussed in section IV, scanning CL can be used
to obtain qualitative maps of the plasmonic resonance
and, more generally, the radiative LDOS. These are fun-
damentally different from the field enhancement profile
expected upon excitation with a radially polarized beam.
The main difference is that the electron beam only excites
purely radial plasmon modes in the structure when the
beam is positioned at the center. Elsewhere, the beam
generates SPPs traveling outward from its current posi-
tion rather than the lens center, so the modes excited do
not match the circular symmetry of the lens. This plas-
monic configuration would not be excited by a radially
polarized beam.
Using angle-resolved CL, we can observe this symme-
try mismatch between plasmons and lens for off-center
electron beam positions, shown in Figure 11 for a 4-
ring lens. Instead of a circularly symmetric donut-shaped
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at these positions for a lens fabricated using focused ion beam
(FIB).
emission, complex interference patterns are generated in
the far field whose shape depends on the beam posi-
tion [49].
For this reason, it is not meaningful to quantitatively
compare spatial profiles from CL spectromicroscopy and
simulated field enhancement under laser illumination.
One example of this is the observation that the CL emis-
sion is brighter when the beam is at the groove edge
than at the center of the structure (see Figure 7). At the
edge, the plasmon modes excited and how they couple
to the structure are much different than when the beam
is at the center, as evidenced by the far field shown in
Figure 11d,f. Also, the edge is a strong scattering site,
allowing many SPP modes generated nearby to couple to
light, giving an enhanced radiative LDOS. Therefore, we
still expect that the field enhancement and consequent
photoemission under laser illumination will be stronger
at the center than the edges. Other techniques, such as
photoemission electron microscopy, are better suited to
quantitatively measure the spatial dependence of laser-
induced photoemission.
Quantitative analysis of the spatial map is further com-
plicated by the nature of the CL process. The total
measured intensity of this emission depends on how the
emission interferes in the far field and what parts of the
emission are collected by the mirror. At both the node
and edge positions, some of the emitted light is not col-
lected by the mirror (see Figure 11c-f). Still, valuable
qualitative insight can be obtained from scanning CL as
discussed in Section IVB, such as visualizing the plas-
monic resonance mode and nanoscale heterogeneities.
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